In this work, a nitrogen-doping carbon-based catalyst to oxygen reduction reaction (ORR) is fabricated by using ammonia as single nitrogen source. The catalyst is characterized by scanning electron microscopy, transmission electron microscopy, X-ray diffraction and X-ray photoelectron spectroscopy. The catalytic activity to ORR is tested by electrochemical linear sweep voltammetry. The results show that the cobalt ions are reduced to metallic cobalt by acetylene black at high temperature. The metallic cobalt further facilitates the reaction between ammonia and acetylene black to form pyridinic and pyrollic C-N structures as the active sites of the catalyst to ORR. A better catalyst with an ORR onset potential of 0.69 V (vs. reversible hydrogen electrode) can be obtained at 600°C for 120 min.
Introduction
Fuel cells are recognized as a promising energy candidate for portable and stationary applications including electric vehicles and distributed home power generators due to the advantages of the high power density, high energy conversion efficiency, and low emission of pollutants.
1)3) Platinum-based catalysts are widely used in fuel cells to accelerate the oxygen reduction reaction (ORR). Although regarded as the best catalysts for the ORR, the platinum-based catalysts have obvious disadvantages due to high cost, the rarity of the materials, and the poisoning from crossovers. 4) 6) It is necessary to develop new kind of ORR catalyst for the large scale application of fuel cells.
In the past decades, considerable efforts have been devoted to develop carbon-based non-precious metal and metal-free electrocatalysts towards ORR, including N 4 -chelating macrocycles, 7)9) and nitrogen-doped graphene or carbon nanotubes. 10)13) These carbon-based catalysts are initially from the heat treated carbonbased N 4 -macrocycle compounds, such as phthalocyanine and porphyrin with transition metal ions [such as Co(II), Fe(II)]. The traditional preparation method for the nitrogen-doped carbonbased catalyst is: (i) transition metal ions are chelated with nitrogen-containing macrocycle compound to form the TM-N 4 (or TM-N x ) structures, (ii) carbon black is mixed into the solution to adsorb the complex on its surface, (iii) the mixture is dried and heat-treated in an inert atmosphere.
14), 15) According to the chemistry rules, the nitrogen-containing organic compounds will be decomposed to small nitrogen-containing gas molecules by heat treating at an intermediate temperature. So it is a safe conclusion that the nitrogen-containing gas would take part in the formation of the active sites of the catalyst. Based on the above idea, we have developed a series of nitrogen-doped carbon catalyst from some solid nitrogencontaining compounds, such as urea, hexamethylenetetramine, and melamine. 16)19) In this work, the preparation method was improved by using simpler ammonia as a single nitrogen source to react with acetylene black to fabricate the nitrogen-containing carbon catalyst in a specially designed reactor. An ORR catalyst with good activity can be obtained by the improved technological process.
Experimental
For the preparation of the catalyst, 0.5 g of CoCl 2 ·6H 2 O (A.R.) was firstly dissolved in 100 mL of ethanol, 1.0 g of acetylene black was added into the CoCl 2 solution with a mild stirring to form a uniform slurry. The slurry was naturally dried in air with the Co(II) ions evenly absorbed on the surface of acetylene black particles. Then the dried slurry was transferred to an agate mortars and ground for 20 min to get a precursor powder. The precursor was transferred into a specially designed quartz tube reactor as shown in Fig. 1 .
The reactor was placed into a tube furnace to be heat treated. In heat treatment, ammonia flowed outside the quartz tube as the protective gas. Ammonia also flowed inside the reactor and acted as a reactant with the precursor powder. The temperature of tube furnace was elevated to 600°C at a ramping rate of 10°C min ¹1 and held at 600°C for 120 min, then naturally cooled to room temperature. The flow of ammonia was kept at 100 mL min ¹1 . The resulted product was denoted as CoAmC600. The heat treating temperature was also set at 400, 500, 700 and 800°C to investigate the effect of temperature on the activity of the catalyst. The resulted catalysts were denoted as CoAmC400, CoAmC500, CoAmC700 and CoAmC800. In order to study the function of ammonia and Co element, the acetylene black without CoCl 2 was also heat treated under nitrogen and ammonia atmosphere at 600°C for 120 min, and the obtained products were labeled as AB and AmC, respectively.
The morphology of the catalyst was observed by scanning electron microscopy (SEM, LEO FESEM 1530) and transmission electron microscopy (TEM, JEOL 2010F). The crystalline phases of the samples were characterized by X-ray diffraction (XRD, DX-2600 X-ray diffractometer). The configuration and surface atomic compositions of nitrogen in the catalyst were analyzed by X-ray photoelectron spectroscopy (XPS, Thermal Scientific KAlpha XPS spectrometer).
The electrocatalytic activity of the catalyst was evaluated by ORR onset potential from linear sweep voltammetry (LSV) tested in 0.5 mol L ¹1 H 2 SO 4 solution saturated by oxygen. The electrochemical test was carried out on a CHI760E workstation with a saturated calomel electrode (SCE) as the reference electrode and a Pt wire as the counter electrode. The working electrode was fabricated as follows: 10 mg of the catalyst, 1.0 mL of isopropyl alcohol, 1.0 mL of deionized water, and 0.1 mL of 0.5 mass % Nafion solutions were mixed and ultrasonicated for 20 min to form homogenous slurry. Then, 10¯L of the slurry was added on the clean surface of a glassy carbon disk (¯5 mm). The coated electrode was dried for 2 h before testing. The LSV was tested at a scan rate of 5 mV s ¹1 at 30°C. The potentials were converted to reversible hydrogen electrode (RHE) using the following equation: E RHE = E SCE + 0.24 V + 0.059 pH.
Results and discussion
The TEM and SEM imagines of CoAmC600 catalyst prepared at 600°C for 120 min were shown in Fig. 2 . It can be seen that the catalyst was composed of nanoscale particles of acetylene black with diameter about 50 nm. The particles aggregate to bigger, loose and porous flocculent in the catalyst with a specific surface area of 76.8 m 2 g
¹1
. The porous structure is beneficial to the surface reaction on the catalyst. Figure 3 shows the linear sweep voltammetry (LSV) curves of the CoAmC600 catalyst in 0.5 mol L ¹1 H 2 SO 4 solution saturated by nitrogen and oxygen. The catalytic activity of the CoAmC600 catalyst to ORR is evaluated by the ORR onset potential. As shown in Fig. 3 , the ORR onset potential of CoAmC600 is 0.69 V (vs RHE), which indicates that the CoAmC600 catalyst has good electrocatalytic activity towards the ORR. So the designed method in the work is efficient to synthesize the cheap nitrogen-containing carbon catalyst.
In order to investigate the effect of NH 3 and Co element, acetylene black without Co element was heat treated under nitrogen and ammonia atmosphere at 600°C, respectively. Figure 4 shows the LSV curves of the two resulted samples AB and AmC, and CoAmC600 catalyst in 0.5 mol L ¹1 H 2 SO 4 solution. It can be seen that the single AB heat treated under a nitrogen atmosphere has a little electrocatalytic activity to ORR with an onset potential of 0.15 V (vs RHE). The ORR onset potential of AmC which was prepared under ammonia atmosphere is 0.35 V (vs RHE). The positive shift of 0.2 V of ORR onset potential of AmC indicates that the acetylene black can react with ammonia at a high temperature and generate special structures which can catalyze the ORR. Furthermore, the reaction between ammonia and acetylene black can be facilitated by the existence of Co element. That is the reason why the CoAmC600 catalyst has the most positive ORR onset potential of 0.69 V (vs RHE). Figure 5 shows the LSV curves of CoAmC catalysts obtained at 400, 500, 600, 700 and 800°C. The 0.4 V (vs RHE) of ORR onset potentials of CoAmC400 catalyst is close to the value of AmC as shown in Fig. 4 . The ORR onset potentials positively moved to 0.60 V (vs RHE) and 0.69 V (vs RHE) by increasing the heat treating temperature to 500 and 600°C. Then the ORR onset potentials negatively moved to 0.61 V (vs RHE) and 0.56 V (vs RHE) by further increasing the temperature to 700 and 800°C. The CoAmC600 has the most positive onset potential and the best catalytic activity towards ORR. Figure 6 shows the XRD patterns of CoAmC catalysts obtained at different temperatures. The wide peak at 25°is the diffraction peak of layer graphite structure of acetylene black in all XRD patterns. The other peaks are related to the Co element. In the XRD pattern of CoAmC400, the peaks from 38°were assigned as Co 2 C (PDF 05-0704), Co 3 C (PDF 41-1144) and metallic Co (PDF 15-0806). In other XRD patterns of CoAmC catalysts, the sharp peaks at 43.86, 51.06 and 75.06°were assigned as metallic Co. The XRD tests indicate that the Co(II) ions were reduced by the carbon black in the reduction atmosphere from cobalt carbide to metallic Co. By comparing the influence of temperature on the ORR activity of CoAmC catalyst and the XRD patterns, a close relation between ORR catalytic activity and metallic Co can be concluded. The catalytic activity gradually increases with the appearance of metallic Co from 400 to 600°C. It means that the Co element facilitates the formation of ORR active sites in the catalyst as metallic state. However, the ORR catalytic activities of CoAmCs obtained at 700 and 800°C deteriorate due to the decomposition of formed active sites at a higher temperature. 18) It has been widely accepted that nitrogen atoms can enter into the graphene nanosheet of carbon black to form different types of C-N structures. Among them, the pyridinic (6-membered ring) and pyrollic (5-membered ring) C-N structures are the active sites to ORR. 20) 22) The content of nitrogen atom from XPS is 0.27, 0.84 and 3.65 at% in AB, AmC and CoAmC, respecctively. This indicates that nitrogen atom entered into the structure of carbon by the reaction between ammonia and carbon at a high temperature. Also, the doping reaction of nitrogen can be facilitated by the existence of cobalt. Figure 7 shows the deconvolution of N1s narrow scan XPS spectra of nitrogen in AB, AmC and CoAmC600. It can be seen that there is not obvious C-N structure to be checked in the blank AB. By heat treating acetylene black in ammonia to obtain AmC, the nitrogen atoms are doped into the graphene nanosheet of carbon black to form pyridinic (398.4 eV), pyrrolic (400.2 eV) and graphite (401.5 eV) C-N structures. The three C-N structures are also checked in CoAmC600 catalyst, but their relative intensities are different in the AmC and CoAmC600. The intensity of graphite C-N structure is stronger in AmC, but the intensities of pyridinic and pyrrolic C-N structures are weaker. On the contrary, the intensities of pyridinic and pyrrolic C-N structures are stronger in CoAmC600, and the intensity of graphite C-N structure is weaker. Hence, the metallic manganese in CoAmC600 can facilitate the reaction between ammonia and carbon black to form pyridinic and pyrrolic C-N structures. Also the pyridinic and pyrrolic C-N structures have better ORR catalytic activity than graphite C-N structure.
Conclusions
In this work, cobalt chloride was distributed on the surface of acetylene black by a solution dispersion method to get a precursor. The precursor was heat treated in a specially designed reactor under ammonia atmosphere to prepare a non-precious metal ORR catalyst. The results show that the acetylene black can react with ammonia at a high temperature to obtain an ORR catalyst with a high catalytic activity. The Co(II) ions are reduced to Co 2 C and Co 3 C by acetylene black at 400°C, but the cobalt carbide has not positive effect on the ORR catalytic activity. The cobalt carbide is further reduced to metallic Co at a higher heat treating temperature. The metallic Co can facilitate the reaction between acetylene black and ammonia to form pyridinic and pyrollic C-N structures as the active sites to ORR.
